A panel of 916 isolates, including 703 closely related IST1 isolates, were characterized by inter-IS1 spacer typing (IST), pulsed-field gel electrophoresis (PFGE), and multilocus variable-number tandem-repeat (VNTR) analysis (MLVA) to evaluate the utility of MLVA as a molecular tool for the phylogenetic analysis of Shigella sonnei. The global phylogenetic patterns determined by IST, PFGE, and MLVA were concordant. MLVA was carried out using 26 VNTR loci with a range of degrees of variability. MLVA data for the 703 IST1 isolates revealed that diversification among the closely related isolates was attributed mainly to four highly variable loci. The phylogenetic pattern for the closely related isolates determined using MLVA profiles of 8 highly variable loci was in agreement with that determined using the 26-locus profiles. A clustering analysis using the profiles of 18 loci with limited variability established clear phylogenetic relationships among IST clonal groups. Accordingly, MLVA is a useful tool for the phylogenetic analysis of S. sonnei. Combined VNTR loci with higher variability are useful markers for resolving closely related isolates, whereas combined loci with lower variability are suitable for establishing clear phylogenetic relationships between strains or clones that have evolved over a longer timescale.
Shigella sonnei is one of the causative agents of shigellosis. Unlike the other three Shigella species, S. dysenteriae, S. flexneri, and S. boydii, which are prevalent in developing countries, S. sonnei is predominant in industrialized countries (6) and is one of the major causes of travel-associated diarrheal disease (3) . Transmission of S. sonnei strains between countries occurs frequently via international travel (7, 14) .
The analysis of bacterial isolates by various genotyping methods provides useful information for establishing the genetic relatedness among isolates for the purposes of epidemiological investigation and phylogenetic study. Among these genotyping methods, pulsed-field gel electrophoresis (PFGE) has been proven to be a powerful tool for discriminating Shigella strains and has become a standardized method for an international molecular-subtyping network for food-borne-disease surveillance (13) . However, PFGE is, at times, too discriminatory for investigating clonal relationships among Shigella strains that have evolved over years or decades. In order to study an S. sonnei epidemic, we previously developed an inter-IS1 spacer typing (IST) method for subtyping of S. sonnei strains (1) . IST is less discriminative than PFGE for S. sonnei, but it is more suitable than PFGE for investigating the clonal relationships among S. sonnei strains in circulation over a short timescale (15) .
Multilocus sequence typing (MLST) is a sequence-based typing method widely adopted for the phylogenetic study of a number of bacterial pathogens, as listed on the website http: //www.mlst.net/. The MLST method has been used for phylogenetic analysis of Shigella spp. with the protocol developed for Escherichia coli (16) . This method reveals the closest phylogenetic relationship between Shigella and the enteroinvasive E. coli strains. However, MLST is not sufficiently discriminative; Shigella strains with different serotypes, or even strains from different Shigella species, may share common sequence types (ST) (2, 16) . To date, there is no appropriate molecular tool that is sufficiently discriminative to resolve closely related S. sonnei strains and that can also provide useful information for establishing phylogenetic relationships among strains over different evolutionary scales. In a previous study, we developed a multilocus variable-number tandem-repeat (VNTR) analysis (MLVA) method for fine typing of S. sonnei isolates. A total of 26 VNTR loci were identified, and MLVA typing based on the 8 most variable loci exhibited a higher discriminatory power than PFGE in distinguishing closely related isolates for outbreak investigation (8) . Since the VNTR loci have a range of degrees of variability, they may also be applicable to establishing phylogenetic relationships among strains that have evolved over different timescales. In this study, we characterized 916 S. sonnei isolates, including 703 closely related IST1 isolates, by using IST, PFGE, and MLVA methods to evaluate the utility of MLVA for establishing phylogenetic relationships among S. sonnei strains that have evolved over different timescales.
MATERIALS AND METHODS
Bacterial strains. Shigella isolates were collected from hospitals or isolated in the laboratories of the Centers for Disease Control, Taiwan, from 1996 to 2004. A total of 916 S. sonnei isolates were available for IST, PFGE, and MLVA genotyping. Salmonella enterica subsp. enterica serotype Braenderup H9812, kindly provided by B. Swaminathan of the Centers for Disease Control and Prevention, Atlanta, GA, was used as the PFGE size maker strain (5) .
IST. IST was performed as previously described (1) . The gel image was analyzed using BioNumerics, version 4.5 (Applied Maths, Kortrijik, Belgium). Only those DNA fragments with sizes within the appropriate size markers (0.1 to 3 kb) were used for comparison. A dendrogram constructed using IST patterns was generated by the unweighted-pair group method with arithmetic mean (UPGMA) using the Dice-predicted similarity value of two patterns.
PFGE. The PulseNet PFGE protocol for S. sonnei and other enterobacteria was used for PFGE analysis (11) , except that 5 U of NotI was used instead of XbaI for the restriction digestion. PFGE images were analyzed using the fingerprint analysis software BioNumerics, version 4.5 (Applied Maths). A PFGE pattern with one or more DNA bands different from the others was taken to be a unique PFGE pattern. A dendrogram constructed using the NotI-digested PFGE patterns was generated by the UPGMA algorithm using the Dice-predicted similarity value of two patterns.
MLVA. MLVA was performed as previously described (8) . Twenty-six VNTR loci were characterized for every isolate studied. The number of repeat units for each locus was saved as "character type" data in BioNumerics software, version 4.5 (Applied Maths), and then subjected to cluster analysis using a minimum spanning tree (MST) algorithm. Nei's diversity index was calculated as 1 Ϫ ⌺(allele frequency) 2 for evaluating the allele diversity of each VNTR locus.
RESULTS
Phylogenetic patterns for the 916 isolates determined using IST. A total of 28 IST genotypes were identified among the 916 S. sonnei isolates collected from 1996 to 2004 in Taiwan.
Among these isolates, 24 were recovered from travelers who had acquired infections in China, Cambodia, India, Indonesia, Thailand, and Vietnam. The IST1 genotype, identified in 710 isolates, was the most prevalent; strains with this genotype caused a number of outbreaks between 2000 and 2003 in Taiwan. The first IST1 strain identified in Taiwan was recovered from a patient who acquired the infection in India in April 2000. A dendrogram constructed with the 28 IST patterns using the UPGMA algorithm presented three distinct clusters, designated the IST1, IST3, and IST6 clonal groups (Fig. 1) . The clonal groups comprised 12, 12, and 4 IST types, respectively. All of the imported isolates belonged to the IST1 clonal group.
Phylogenetic patterns for the 916 isolates determined using PFGE. PFGE performed with NotI identified 144 PFGE genotypes among the 916 isolates. A dendrogram constructed using the 144 PFGE patterns presented three distinct large clusters, A, B, and C (Fig. 2) . PFGE cluster A consisted of all of the isolates belonging to the IST1 clonal group, whereas FIG. 1. Dendrogram constructed using the IST patterns found in the 916 isolates, and associated numbers of isolates belonging to the IST genotypes. The dendrogram was generated by UPGMA, using the Dice-predicted similarity value between two patterns. The statistics program was provided by BioNumerics, version 4.5, with settings of 1% optimization and 0.95% tolerance.
FIG. 2. Dendrogram constructed using PFGE-NotI patterns. The dendrogram was generated by UPGMA, using the Dice-predicted similarity value of two patterns. The statistics program was provided by BioNumerics, version 4.5, with settings of 1.0% optimization and 0.7% tolerance.
clusters B and C consisted of all of the isolates belonging to the IST3 and IST6 clonal groups, respectively.
Phylogenetic patterns for the 710 IST1 isolates determined using MLVA. Of the 710 IST1 isolates, 6 were obtained from patients who acquired infections in China, India, Indonesia, and Vietnam. A total of 78 MLVA26 genotypes, which were defined by the 26-locus profiles, were identified for the IST1 isolates. A relatively polymorphic phylogenetic tree was constructed with the MLVA profiles using the MST algorithm. All but one of the isolates originating in Taiwan were situated in a large, tight cluster ( Fig. 3A-1 ). The 703 closely related isolates in the cluster were considered to belong to a newly emerged (SS26.66) clone. The first IST1 strain belonging to the SS26.66 clone emerged in October 2000 in Taiwan; since this strain was of the SS26.66 MLVA type, it was considered to be the founder of the clone. However, SS26.1, not SS26.66, was the most Table 1 ). The remaining seven isolates, six of which were imported, had a distance of at least five loci from the SS26.66 clone. The Indian strain had a distance of four loci from the clone (Fig. 3A-1 ) and differed from the founder at six loci. The Indian strain was the first IST1 strain that emerged in Taiwan that shared indistinguishable PFGE-NotI and PFGE-XbaI patterns with the majority of the isolates within the SS26.66 clone.
Since the 703 IST1 isolates belonged to a very new clone, they were an excellent collection of isolates to use for evaluating the variability of the 26 VNTR loci over a short evolutionary timescale (3.25 years). Variation among the isolates was observed at seven loci. The loci SS3, SS6, SS11, and SS9 were highly variable, with variation rates among the isolates of 75.82%, 35.99%, 7.97%, and 6.12%, respectively (Table 2) . SS3, SS6, SS9, and SS11 were the four most variable loci in the SS26.66 clone. When these four loci were excluded from the 26-locus panel, the phylogenetic pattern for the SS26.66 clone was relatively monomorphic (Fig. 3A-2) . The four highly variable loci were the major contributors to the diversification among the closely related isolates. Among the MLVA genotypes defined by the 22-locus profiles, SS22.1 was the predominant genotype, as it accounted for 97% of the isolates. All of the isolates collected in the year 2000 belonged to the SS22.1 genotype, which had five SLVs. All of the SLVs of SS22.1 emerged in 2001 and 2002. The Indian strain was a doublelocus variant of SS22.1. The rest of the imported IST1 strains had a distance of at least three loci from SS22.1.
Phylogenetic patterns for the 916 isolates determined by MLVA. A total of 146 MLVA26 genotypes were identified for the 916 isolates, which consisted of 710 IST1 and 206 non-IST1 isolates. The phylogenetic tree constructed using the MST algorithm with the 26-locus profiles presented three distinct clusters, MA, MB, and MC ( Fig. 3B-1) . Each cluster included genotypes sharing 19 or more of the 26 loci. The global phylogenetic pattern for the isolates established with the MLVA data was concordant with that determined by IST and that Each clonal group shared a number of common alleles. The strains in the MA cluster (IST1 clonal group), the MB cluster (IST6 clonal group), and the MC cluster (IST3 clonal group), respectively, shared 14, 21, and 10 common alleles. All of the loci with common alleles for each clonal group had low diversity values, except that the IST3 clonal group had a highly variable locus (SS1) and the IST6 clonal group had two highly variable loci (SS1 and SS6). It is notable that the two loci harbored only one (SS1) or two (SS6) repeat units. Loci with a low number of repeat units should be less variable.
The phylogenetic relationships among the 916 isolates were evaluated using the eight most variable loci, SS1, SS3, SS6, SS9, SS10, SS11, SS12, and SS23. These loci had the highest number of alleles and the highest level of allele diversity observed for the 206 non-IST1 isolates ( Table 2 ). The groupings based on the 8-locus profiles ( Fig. 3B-2 ) were similar to those based on the 26-locus profiles (Fig. 3B-1 ). In the phylogenetic tree built using the eight-locus profiles, the isolates for each IST clonal group were mostly clustered more closely, but the cluster for the IST6 clonal group was not clearly separated from that for the IST3 clonal group. The phylogenetic pattern for the closely related isolates belonging to the SS26.66 clone was concordant with that determined using the 26-locus profiles. When the 8 most variable loci were excluded from the 26-locus panel, a phylogenetic tree constructed using the remaining 18 loci presented a clear phylogenetic pattern for the three IST clonal groups (Fig. 3B-3) .
DISCUSSION
The first IST1 strain of the SS26.66 clone that emerged in Taiwan belonged to the SS26.66 genotype. It caused a large outbreak of shigellosis at a high school in October 2000, and thereafter it and its derivative strains circulated throughout the country for 3.25 years (15) . Since these strains were derived from a line of common evolutionary descent, they were an excellent collection of isolates to identify the highly variable VNTR loci and investigate the phylogenetic pattern for the newly emerged clone by use of combinations of loci with different variation values.
Of the seven loci that varied in the SS26.66 clone, four (SS3, SS6, SS9, and SS11) were highly variable (Table 2) . When the changes resulting from the four highly variable loci were ignored, little diversification was observed in the clone (Fig.  3A-2 ). These four loci were the primary contributors to the diversification among the isolates. Therefore, loci with higher variability are suitable markers for resolving closely related isolates. As indicated in a previous study, MLVA with four to eight highly variable loci is sufficient to discriminate isolates for investigating S. sonnei outbreaks (8) .
The global phylogenetic patterns for the 916 isolates established with the three typing methods (IST, PFGE, and MLVA) were considerably concordant; each of the phylogenetic trees consisted of three distinct clusters, and each of the clusters in a tree shared the same set of isolates with the corresponding clusters in the other two trees. Among the three methods, IST is the least discriminatory; it is not sufficient to distinguish closely related strains but is suitable to define S. sonnei clones. PFGE has a higher discriminatory power than IST; it can further discriminate isolates with a common IST genotype, but it sometimes is not powerful enough to distinguish epidemiologically unrelated strains (8) . In this study, we found that PFGE was not sufficient to establish clear phylogenetic relationships among the strains belonging to the SS26.66 clone. In the dendrogram constructed using the PFGE patterns, some IST1 strains within the SS26.66 clone were separated by strains with other IST genotypes, including IST11, IST17, IST18, and IST23 (data not shown). MLVA is the most discriminatory among the three methods in distinguishing the strains within the SS26.66 clone from others and establishing a fine phylogenetic pattern for closely related isolates.
Discrimination of closely related strains is attributed mainly to highly variable loci. In the phylogenetic tree established by MLVA profiles based on the 8 most variable loci, the pattern for the strains in the SS26.66 clone was concordant with that in the tree established by the 26-locus profiles (Fig. 3B-1 and B-2). Although the eight most variable loci could discriminate and establish fine phylogenetic relationships between the closely related strains, they did not separate the three clonal groups distinctly (Fig. 3B-2) . In contrast, the 18 loci with lower variability were not sufficient to discriminate the closely related strains, but they were able to clearly separate the three clonal groups (Fig. 3B-3) . The global phylogenetic patterns determined with the eight-locus profiles suggest that the loci with higher variability are useful markers for establishing the "twig and leaves" of a phylogenetic tree for the S. sonnei population. In contrast, the clustering analysis based on the 18 less variable loci clearly separates the three IST clonal groups (Fig. 3B-3) , indicating that loci with lower variability are more suitable for establishing the "trunk" of a phylogenetic tree.
S. sonnei infection was not previously reported to occur frequently in Taiwan, but it became prevalent in the central and eastern parts of the country during 2000 to 2002. The epidemic was caused mainly by strains with an IST1 genotype. Since the first IST1 strain detected in Taiwan was recovered from a traveler who returned from India and the isolate shared indistinguishable PFGE-XbaI and PFGE-NotI patterns with the majority of IST1 isolates, we concluded in our previous report that the Indian strain was the original source responsible for the epidemic (15) . However, the MLVA data show that the Indian strain differed at six loci from the founder strain of the SS26.66 clone. Since a strain is very unlikely to have varied at six loci over a period of less than 1 year, the Indian strain can be ruled out as the original source of the epidemic.
The 916 S. sonnei isolates collected in Taiwan over 9 years (from 1996 to 2004) fall into three distinct clonal groups. All of the imported isolates, except the one from India, belonged to (9) . Although a high degree of congruence between MLST and MLVA methods was obtained in the two studies of N. meningitidis, some ST groups or ST clonal complexes were not clearly separated. Therefore, a larger set of VNTR loci would be more favorable to obtain a clearer separation of genetically distinct groups.
Recently, Gorgé et al. (4) identified 15 VNTR loci by exploring five genomic sequences of four Shigella species for typing Shigella spp. Although the MLVA method could effectively discriminate the isolates of the four Shigella species and pathogenic E. coli, the grouping based on the MLVA profiles was not able to clearly separate the four Shigella species into distinct groups. Tandem-repeat loci may have variable numbers in one species or serotype but may be invariable in others. In our recent study, we found that different S. flexneri serotypes shared only a very limited number of common VNTR loci (unpublished data). Therefore, MLVA may not be as appropriate a molecular tool as MLST to establish phylogenetic relationships between different bacterial species or serotypes. Nevertheless, our study indicates that MLVA is a useful tool to establish phylogenetic relationships among strains of a monomorphic bacterial species, such as S. sonnei.
In conclusion, VNTR loci were considered too variable to serve as suitable molecular markers for the phylogenetic analysis of genetically diverse microbes. In this study, we found that the VNTR loci in S. sonnei have a range of degrees of variability that are useful markers for establishing accurate phylogenetic patterns for S. sonnei strains that have evolved over different timescales. Combined loci with higher variability can be used to resolve closely related isolates, whereas combined loci with lower variability are suitable to establish phylogenetic relationships among S. sonnei strains that have evolved over a longer timescale. Therefore, MLVA is a useful tool for the phylogenetic analysis of S. sonnei, a monomorphic bacterial species.
